A larger, membrane-bound form of staphylococcal enterotoxin B was shown by in vivo pulse-chase analysis to be the kinetic precursor to extracellular enterotoxin B. Processing of the enterotoxin B precursor molecules can apparently occur either cotranslationally or posttranslationally. Subcellular fractionation of cells revealed that all of the precursor toxin was associated with the membrane fraction. Once processed and released from the membrane, it was transiently associated with the cell wall before being released into the extracellular environment. The cell-wall-associated enterotoxin B was completely resistant to protease treatment and to extraction by high-or low-salt solutions at 0 to 2°C, although it could be easily released from the cell by removal of the cell wall with lysostaphin. These data imply that newly formed enterotoxin B may be temporarily sequestered in specialized regions that require cell wall integrity before being released into the extracellular environment.
Staphylococcus aureus secretes several extracellular proteins, many of which are toxic to humans and some animals. The study of the transmembrane transport of these extracellular proteins has been largely neglected, although a few studies have proposed certain models for this process based on indirect evidence. Altenbern (1) demonstrated that cerulenin, an inhibitor of fatty acid synthesis, could suppress the accumulation of staphylococcal enterotoxin B (SEB) in growing cultures but was ineffective in inhibiting SEB accumulation in concentrated, nongrowing cells. Subsequently, Altenbern (2) showed that tosyl-lysyl-chloromethyl ketone (TLCK), a serine protease inhibitor, could prevent the accumulation of SEB in growing cultures. Similar studies were done with staphylococcal enterotoxin A (SEA) (4), except that quinacrine, an inhibitor of the Bacillus licheniformis penicillinase-releasing enzyme (27) , was used instead of TLCK. Both cerulenin and quinacrine inhibited accumulation of SEA in growing cultures. Based Another consideration in the transport of extracellular proteins of S. aureus is the physical and biochemical characteristics of the cell wall in comparison with those of gram-negative and other gram-positive organisms. X-ray crystallographic and biochemical studies of the S. aureus cell wall indicate that it is a thick (26 to 32 nm), tightly cross-linked structure (26) and may pose a formidable barrier to the export of extracellular proteins. On the other hand, the cell wall of B. licheniformis is approximately as thick as that of S. aureus, but because it contains few crosslinks it is considered a "loose" or "open" structure (16) . The cell wall of gram-negative organisms, particularly E. coli, is a comparatively thin (1.5 to 3 nm) and also loosely cross-linked structure (29) , probably containing only a single layer of peptidoglycan. Thus, it is possible that S. aureus may require a special mechanism that facilitates the transfer of extracellular proteins through the cell wall.
Recently we described a larger, membranebound form of SEB, termed pSEB, and proposed that it was the precursor to the extracellular form (28) . We now present evidence that this membrane-bound protein is the kinetic precursor to the extracellular form of SEB. We also describe various aspects of the transport proc- (20 ,ul) , and 100 ,ug of DNase I (10 plI) (Sigma). Lysis was usually complete after 4 h at 0°C. An equal volume of solubiization buffer (28) was added to the total lysate to solubilize the membrane proteins, and the remaining insoluble debris was removed by centrifugation at 30,000 x g for 20 min. The supernatant, which now contained solubilized membrane pSEB and the extracellular SEB, was incubated with 25 p.g of affinity-purified goat anti-SEB immunoglobulin G (IgG) for 12 to 16 h at 2°C. The antigen-antibody complex was precipitated by adding affinity-purified rabbit anti-goat IgG immobilized on nylon beads (AMF Biologicals Diagnostics, Seguin, Tex.), and incubation was continued for an additional 12 to 16 h.
The immunoprecipitates were collected by centrifugation and washed once with 10 ml of solubilization buffer that was diluted 1:2 with water. This was then followed by a wash with 10 ml of borate-saline buffer (0.05 M boric acid, 0.2 M NaCI [pH 8 .0]). The antigens were dissociated from the antibody by being boiled in 1.0 ml of 1% sodium dodecyl sulfate (SDS) for 15 min.
The nylon beads were removed by centrifugation, and the supernatant (containing the 3'S-labeled pSEB and SEB) was lyophilized.
SubceUular fractionation of cells. A subcellular fractionation method which allowed separation of the extracellular, cytoplasmic, and membrane proteins was developed from the fractionation data of Theodore et al. (25) . All manipulations were carried out at 0 to 2°C unless otherwise indicated. Pulse-labeled cells were separated from extracellular proteins by centrifugation at 30,000 x g for 20 min. The supernatant was saved, and the cells were suspended in 2 ml of'ice-cold hypotonic buffer (10 mM Na2HPO4, 20 mM MgSO4 [pH 6.5]) to remove any residual extracellular SEB and then repelleted. The supernatants from these two centrifugations were combined, and the extracellular SEB was immunoprecipitated. The cells were then resuspended in 1 ml of hypotonic buffer and lysed by the addition of 400 pug of lysostaphin (40 p.1), 50 p.1 of hypertonic buffer, and 100 pg of DNase I (10 pul). After 4 h lysis was greater than 95%, as determined by microscopy. The membranes were separated from the soluble fraction (composed of cytoplasmic proteins and cell wall-associated proteins released by the removal of the cell wall) by pelleting them through a solution of 50% sucrose in hypotonic buffer. Centrifugation was at 58,000 x g for 120 min in a Beckman SWS0.1 rotor (Beckman Instruments, Palo Alto, Calif.).
The soluble proteins (gradient top) were removed, and the SEB was immunoprecipitated. The membrane pellet was suspended in solubilization buffer, sonicated briefly, and diluted 1:2 with distilled water. Insoluble debris was removed by centrifugation at 30,000 x g cell pellet in 1 ml of hypotonic buffer containing 50%o
sucrose, 400 Fg of lysostaphin, 50 ,ul of hypertonic buffer, and 100 Fg of DNase I. The protoplasts were separated from the proteins solubilized by removal of the cell wall by centrifugation through a 50% sucrose solution in the SW50.1 rotor at 58,000 x g for 60 min. The top of the tube contained those proteins released from the cell wall. Sucrose present with the soluble proteins was reduced by dialysis, and then the sample was subjected to immunoprecipitation. The protoplast pellet was lysed by the addition of hypotonic buffer and brief sonication, and the cytoplasmic and cell membrane fractions were separated as described above.
SDS-PAGE. The lyophilized immunoprecipitated proteins were suspended in 100 .Ll of distilled water and precipitated by the addition of 100 ,ul of 40% trichloroacetic acid. This step removed excess SDS and buffer ions. After centrifugation, the protein pellet was suspended in 1 ml of acetone by sonication to remove residual trichloroacetic acid and then recentrifuged. The acetone-washed pellet was prepared for electrophoresis by being suspended in 20 RI of sample buffer (36 mM sodium phosphate buffer [pH 7.2], 4% SDS, 14% glycerol, and 0.1% phenol red) and boiled for 5 min.
Discontinuous SDS-polyacrylamide gel electrophoresis (PAGE) of the samples was carried out in 0.8-mm-thick gels by a modified Laemmli system (18) . The stacking gel was composed of 0.26% bisacrylamide and 5% acrylamide, and the resolving gel was 0.38% bisacrylamide and 17% acrylamide. Electrophoresis was continued until a cytochrome c (Sigma) marker reached the bottom of the resolving gel.
For visualizing the "5S-labeled proteins, the gels were prepared for fluorography (6) , dried, and exposed to Kodak X-OMAT AR X-ray film for 1 to 24 h at -700C.
For evaluating the amount of isotope incorporated into each protein, the autoradiograms were used as a template, and the pSEB and SEB bands were cut from the 2,5-diphenyloxazole-impregnated and dried gels. The bands were emulsified in a toluene-based scintillation cocktail and counted by liquid scintillation (28) .
RESULTS
Pulse-labeling of pSEB and SEB. We had previously identified a larger, membrane-bound form of SEB in S. aureus S6 cells which was proposed to be the precursor to the extracellular form (28) . When these cells were subjected to pulse-chase labeling with radioactive methionine, the membrane-bound SEB was converted to the extraceliular form (Fig. 1) 1-6, respectively) .
ance of the mature form. To verify this, we pulsed cells and removed samples every 5 s for 30 s after the label was added. This enabled us to examine the very early incorporation of the label into pSEB and SEB. If mature SEB arises solely by posttranslational processing of the precursor, then, based on the half-life of pSEB, only 4 to 6% of the total [35S]methionine incorporated after 5 s of labeling should be found as mature SEB. However, we again found that approximately equivalent amounts of [35S]methionine were incorporated into each species after only 5 s of labeling (Fig. 2) . This latter experiment verified that both posttranslational and cotranslational processing probably account for the appearance of mature SEB.
Lodalization of pSEB and SEB. Subcellular fractionation of pulse-labeled cells revealed that all of the pSEB and some SEB were associated with the membrane fraction (Fig. 3, lanes 4 and  8) . We consistently observed mature SEB on the membrane in amounts approximately equivalent to pSEB. This finding seemed to indicate that factors other than a hydrophobic signal sequence can stabilize the association of pSEB and SEB with the membrane. Both proteins could be shown to disappear from the membrane at almost identical rates during a pulse-chase experiment (Fig. 4) . Possibly the membraneassociated mature SEB represents cotranslationally processed pSEB which is in transit across the membrane and stably associated with it. At this time, however, we cannot unequivocally rule out the nonspecific association of mature SEB with the membrane.
An unexpected finding during the subcellular fractionation was that a large amount of the newly formed SEB could not be released from the cells unless the cells were protoplasted (Fig.  3 SEB even when shaken vigorously with a 1 M NaCl solution at 0°C for 1 h (Fig. 5) . Also, this SEB fraction was completely resistant to proteinase K digestion (data not shown). During a pulse-chase experiment, when the membrane, extracellular, and cell wall-associated SEB fractions were analyzed (Fig. 4) , we found that the levels of the cell wall-associated and membrane fractions decreased proportionately as the extracellular fraction levels increased.
The above results suggest that once SEB is released from the membrane it does not diffuse directly to the extracellular environment. Rather, it appears to go through a stage in which it is trapped in the cell wall or sequestered in a specialized region which is disrupted by the removal of the cell wall during protoplast formation.
Inhibition of processing. The processing of some E. coli precursors has been shown to be very sensitive to uncouplers of the membrane potential. When DNP and CCCP were included in the chase mixture during a pulse-chase experiment, they effectively inhibited conversion of pSEB to SEB (Fig. 6) . In all of the samples some mature SEB was always present, since the inhibitors were added after a 15-s pulse and some mature SEB had already been formed by this time. When the uninhibited chase control (Fig.  6 , lane 2) was compared with those samples in which CCCP or DNP was included (Fig. 6, lanes  3 and 4) , it was evident by the accumulation of pSEB that processing was inhibited.
After the addition of DNP to the pulse-chase mixture, at least twice as much [ Considering the relative half-life of the pSEB (60 to 80 s) and the simultaneous appearance of equal levels of pSEB and SEB within 5 s of the pulse, we believe that both cotranslational and posttranslational processing are occurring. This mechanism has already been postulated for both the maltose-binding (17) and ribose-binding (15) proteins of E. coli. Since approximately equal levels of pSEB and SEB were observed on the membrane shortly after the pulse, there may exist an equal probability of a nascent pSEB 4W. molecule inserting at a site where it will be processed either cotranslationally of posttranslationally. This is based on the fact that within 5 s of the pulse less than 6% of the mature (processed) SEB could be accounted for by pSEB processing. Therefore, the apparent temporal differences in the processing of SEB molecules may reflect an inherent difference in the membrane sites at which SEB is transported.
All of the pSEB was found associated with the membrane fraction, but it is important to note that the membranes also contained approximately equivalent amounts of mature SEB. Cotranslational processing of pSEB would result in the formation of mature SEB before export of the molecule is complete. Consequently, mature SEB would still be extended across the membrane after the cessation of synthesis. Thus, it is tempting to visualize a situation in which, during secretion, both pSEB and SEB are associated with membrane transport machinery and the transport process is interrupted after cell disruption, locking in those proteins. Smith et al. (23) demonstrated that secreted proteins are actively held within a membrane channel and continue to be held even after removal of the extracellular segment with protease (24) . Protease treatment presumably separates the mature peptide sequence from the signal sequence, so it cannot account for the tight association of the remaining peptide within the membrane.
Surprisingly, the majority of the newly formed SEB was not immediately found in the extracel- lular medium but rather tightly compartmentalized in a hypothetical structure requiring cell wall integrity. This fraction of the SEB was not removed from the cell with 1 M NaCl, suggesting that it is not retained by ionic interactions; nor was it susceptible to protease during treatment of intact cells. Also, during the time course of a pulse-chase experiment we showed that the cell wall-associated SEB was released into the extracellular environment and was not permanently associated with the cell wall as is, for instance, staphylococcal protein A (13). Forsgren et al. (13) could detect cell-associated protein A by immunofluorescence, but they did not detect cell-associated SEB by this method. Our observation that this fraction of the SEB is tightly sequestered and inaccessible probably accounts for their inability to detect cell-associated SEB with antibody.
This phenomenon has not been reported (that we know of) for any other transported protein.
Why is SEB temporarily sequestered before its release into the extracellular environment? One possibility is that this is part of a special mechanism which facilitates the transfer of SEB through the cell wall. The cell wall of S. aureus is a thick (26 to 32 nm), highly cross-linked, closed structure (26) . In contrast, B. licheniformis has a relatively thick but loosely crosslinked cell wall (16) . Consistent with this description is the fact that the cell-bound penicillinase of B. licheniformis is accessible to both protease digestion and antibody (19) . The cell wall of E. coli, and of other gram-negative organisms in general, is a relatively thin (1.5 to 3.0 nm) and loosely cross-linked structure (29) , and proteins located on the outer surface of the inner membrane of E. coli cells are susceptible to protease digestion (10) .
From X-ray crystallographic study of the peptidoglycan of S. aureus, Burge et al. (7) (8) and that cell wall inhibitors prevent the accumulation of SEB in growing cultures (14) .
When either of the energy uncouplers CCCP and DNP was included in the chase mixture during a pulse-chase, it inhibited the conversion of pSEB to SEB. This result was similar to that observed for several E. coli transported proteins, and it has been suggested that the membrane potential is directly or indirectly required for precursor processing (9, 12 suggesting that the membrane potential has collapsed (unpublished data). When the cells were pulsed briefly with [35S]methionine to equilibrate the intracellular pools before the addition of DNP, we observed that accumulation of pSEB, rather than SEB, proceeded for at least 16 min. Evidently, protein synthesis can still continue at a slower rate in the presence of DNP, but amino acid uptake and pSEB processing are severely inhibited. The fact that pSEB accumulates while little mature SEB is formed also suggests that both cotranslational and posttranslational processing are inhibited. These data indicate that an energized membrane is required for processing pSEB, but we cannot rule out other effects that DNP or CCCP may have on processing (10, 11, 30) . Altenbern (2) had previously shown that the serine protease inhibitor TLCK could prevent the accumulation of SEB in the supernatant from growing cultures of S. aureus S6. It was suggested that TLCK was inhibiting a proteolytic processing step important to the secretion of SEB. When TLCK was tested in our system, no apparent inhibition of the processing of pSEB to SEB was observed. However, we did observe that increasing levels of TLCK concomitantly decreased the synthesis of SEB. This is consistent with the fact that TLCK inhibits translation in both eucaryotes (20) and procaryotes (21) . Altenbern was unable to discriminate between inhibition of processing and synthesis of SEB in his experiments. Thus, his data probably reflect decreased synthesis rather than inhibition of a specific processing event.
The cumulative findings presented in this work and those of others suggest the following sequence of events for SEB transport: pSEB
